In order to generate a physical map of Arabidopsis thaliana 
Introduction
Arabidopsis thaliana has been adopted asthe model organism for molecular genetic analysis of many plant processes (Meyerowitz and Somerville, 1994) . More and more genes controlling developmental and metabolic processes are being identified by mutational analysis. In many cases, the biochemical nature of the gene products is unknown. To isolate genes that are solely recognized by their phenotype, insertional mutagenesis experiments and map-based cloning strategies are widely employed. The latter approach would greatly benefit from the availability of a complete physical map of the Arabidopsis genome.
Several laboratories are involved in the generation of a complete physical map of the Arabidopsis genome based Wilson et al., 1996;  06469, 06455, C. Lister and C. Dean, unpublished results as well as genic sequences AB5-13 (the microsatellite CAT-THANK recognizes the 5' end of the gene identified by AB5-13), J. Jeddeloh and E. Richards, unpublished results; AF3, Smith etal., 1994; AGL15, Heck etal., 1995; AGP6, AGP50, A. Prescott, unpublished results; Athb-5, S6derman et al., 1994; AtTED2, F.M. Carland Last et al., 1991; TSL, Roe et al., 1993; ve026, ve027, ve029, ve033, D. Bouchez, unpublished results. All clones identified in the colony hybridization experiments were subjected to a Southern blot analysis. The Southern blots that contained YAC clone DNA digested with EcoRI/BamHI were hybridized to the markers to confirm the results of the colony hybridization experiments. The EcoRI/ BamHI restriction digest ensured that for the EG, yUP and CIC clones, the YAC insert DNA was completely removed from the vector sequences. Thus, c o m m o n restriction fragments in different YAC clones hybridizing to a given marker demonstrated that the inserts of these clones were overlapping. Information about the relative positioning of YAC clones and markers was also obtained using Southern blot analysis. Clones showing all EcoRI/BamHI restriction fragments of a given marker must fully span the marker, while clones carrying only a subset of the restriction fragments end within the marker.
RFLP mapping experiments had shown that markers g4715, mi291, mi423, 06455, UM177, UM515 and UM559 map to multiple loci in the Arabidopsis genome (Lister and Dean, 1993 (Hauge eta/., 1993) , hence only an approximate position is given for these contigs. Where several markers of a contig have been mapped, the YAC contig covering the genetic distance between these markers is indicated as a grey rectangle. The YAC clones are drawn as rectangles, with the size of a rectangle directly reflecting the size of a YAC. Clones containing several YACs are displayed as multiple boxes; it has not been determined whether all the YACs of a particular clone hybridize to a given marker and/or repetitive sequence. Markers are shown at the top of each contig, and a tentative location of the markers within the clones is indicated by lines crossing the YAC clones; the thickness of these lines reflects the approximate size of a marker, tn cases of ambiguous marker order, either an arrow indicates that the order of markers could be reversed or the markers are shown at identical positions. For markers mapping to multiple loci, only YAC clones corresponding to the particular chromosomepatterns for subsets of the YAC clones, each pattern representing a different locus. For several additional markers, e.g. I/ dSpm114, m291, mi418 and Ms4, the Southern blot analysis also revealed multiple loci. A locus was unambiguously positioned on chromosome 5 if some of the YAC clones corresponding to this locus had previously been anchored on chromosome 5 with a single-copy marker. For markers mi291 and mi423, two loci were detected in RFLP-mapping experiments, and for both markers a locus on chromosome 1 as well as a locus on chromosome 5 was found (Liu et aL, 1996) . Since none of the YAC clones identified with markers mi291 and mi423 were found with any of the other markers mapping to chromosome 5, it cannot be excluded that some of the clones shown in Figure 1 are mapping to chromosome 1.
The majority of the 142 markers, representing 150 chromosome 5 loci, were used to screen all four YAC libraries of the Columbia ecotype (Creusot et aL, 1995; Ecker, 1990; Grill and Somerville, 1991; Ward and Jen, 1990) . Between 1 and 20 YAC clones were identified per locus, with an average of 8.7 YAC clones. In total, 634 YAC clones were anchored on chromosome 5.
Based on the marker hybridization results, the YAC clones were arranged into YAC contigs. A Southern blot analysis of all YAC clones mapping to a particular contig was carried out using all the markers contained in the YAC contig as probes. This analysis ensured that all YAC clones linking two or more markers were identified. This test was especially important for multi-locus markers, since some loci showed weak cross-hybridization to the YAC clones, clearly detectable at Southern blot level but often resulting in ambiguous colony hybridization results.
The 634 YAC clones could be placed into 31 YAC contigs ( Figure 1 ). Of these contigs, 14 contain one or two markers (contigs 3, 9, 12, 14, 15, 16, 17, 18, 19,20, 22, 23, 24, 25) ,while contigs 6 and 7 span over 20 markers each. The majority of markers are linked by two or more YAC clones; only 14 of the 119 links are established by single YAC clones.
Alignment of YAC clones relative to markers in the YAC contigs
All YAC clone inserts forming the chromosome 5 map have been sized using pulsed-field gel electrophoresis (PFGE) (Creusot et al., 1995; Schmidt et aL, unpublished results) . Southern blot analysis of YAC clones using markers as probes in combination with the size information allowed us to position the YAC clones relative to each other and to the markers in the YAC contigs. The rules governing how the contigs have been drawn have been described previously (Schmidt et aL, 1996) .
Most clones that map to YAC contigs 1, 2, 4, 6, 7, 8, 13, 21, 26, 28 and 29 could be placed with high accuracy within the YAC contigs due to the redundant YAC coverage for the YAC contigs on Arabidopsis chromosome 5 567 majority of the genomic intervals and the high density of markers. For these contigs, the physical distances between adjacent markers as well as the extent of the YAC contigs could be estimated and differ by 10% or less from the ones shown in Figure 1 . For the remaining contigs, the positioning of the YAC clones relative to each other and to the markers is far less accurate, since only one or a few markers map to these contigs. However, it is possible to estimate their minimum size, for example a single-marker contig will be at least the size of the largest clone in that contig. Assuming that the 31 YAC contigs shown in Figure 1 are not overlapping, the total cover is approximately 25 Mb.
Genetic map position of the YAC contigs on chromosome 5
The RFLP map in Figure 2 shows the position for 70 of the 150 chromosome 5 loci (results by C. Lister and C. Dean on the World Wide Web at URLs http://nasc.life.nott.ac.uk/ new_ri_map.html and http://genome-www.stanford.edu/ Arabidopsis/aboutgenmaps.html). The markers have been mapped on recombinant inbred lines derived from a cross between the ecotypes Landsberg erecta and Columbia (Lister and Dean, 1993) . This genetic mapping information allows the positioning of 29 of the 31 YAC contigs along the chromosome. The remaining two YAC contigs cannot be unambiguously placed, since the corresponding RFLP markers have not been mapped on the recombinant inbred lines. However, since these markers have been mapped previously using different populations (Hauge etaL, 1993) , approximate positions for these contigs are indicated.
The 11 YAC contigs containing two or more markers mapped on the recombinant inbred lines span 72.6 cM (53%) of the 136.4 cM long genetic map of chromosome 5. This represents a minimal value since the contigs extend well beyond the positions of the mapped markers. The largest YAC contig, contig 7, spans a minimum of 22.7 cM. Contigs 6 and 29 also encompass more than 10 cM each. A comparison of genetic and physical distances revealed average values of 235 kb/cM for contig 6, 90 kb/cM for contig 7 and 115 kb/cM for contig 33. The genetic coverage for the remaining 20 contigs cannot be estimated, since only one marker per contig has been used for the mapping.
Chimaeric YAC clones
The YAC clones forming the chromosome 5 YAC contigs were analysed for chimaerism using two criteria. First, all co-ordinates of YAC clones mapping to chromosome 5 were compared with the co-ordinates of clones which carry chloroplast DNA, rDNA sequences or the 180 bp repeated DNA sequence (Creusot et al., 1995; Schmidt et aL, 1994 ; results by P. Dunn and J. Ecker at URL http://cbil.humgen.-upenn.edu / ~atgc / physical-mapping / yU PmulticopyDNA.-html). Southern blot analyses using the repetitive sequences as probes confirmed that 77 YAC clones carried chromosome 5-specific sequences in addition to unlinked repetitive sequences (Table 1) . Second, all data obtained with the marker hybridization experiments were analysed to show whether YAC clones hybridized to unlinked locations on chromosome 5 or whether YAC clones carried chromosome 4- (Schmidt et aL, 1996) as well as chromosome 5-specific sequences. Ten YAC clones hybridized to two different locations on chromosome 5 and 18 clones were found to contain chromosome 4-as well as chromosome 5-specific sequences. These clones are listed in Table 2 . Physical mapping experiments on chromosome 2 have identified 73 CIC YAC clones, which together cover approximately 90% of the chromosome (Zachgo et aL, 1996) . A comparison of the clones mapping to chromosome 2 and chromosome 5 revealed one additional chimaeric clone (CICl1A4, Table 2 ). Several YAC clones are comprised of multiple unlinked sequences (e.g. EG7G2/H2, EG17G3/H3, yUP8E11, yUP24B7). This limited analysis of the clones for chimaerism revealed that at least 98 (15.5%) out of the 634 YACs are chimaeric. The frequency of chimaeric clones varies substantially between the different YAC libraries. While in the EW and the CIC YAC libraries, only 2-5% of the clones were found to be chimaeric using the criteria listed above, the analysis revealed that in the yUP and the EG YAC libraries, such chimaeric clones are much more frequent. For example, 28.3% of the EG YAC clones mapping to chromosome 5 were found to carry unlinked repetitive sequences.
For some clones, the size established in the PFGE analysis was not consistent with the marker hybridization data and the distance of the markers as established by other clones mapping to the same genomic region. Such putatively chimaeric clones would only be detected in chromosomal regions carrying a high density of markers.
Two YAC clones, yUP19E11 and yUP9C5, did not contain marker UM518 or contained only part of it despite the fact that they hybridized to the two flanking markers in contig 1. This may be indicative of small deletions in these YAC clones.
Discussion
The YAC contig map for chromosome 5 has been generated using mapped markers and four different YAC libraries (Creusot etaL, 1995; Ecker, 1990; Grill and Somerville, 1991; Ward and Jen, 1990) . On average, 8.7 YAC clones were isolated for each of the chromosome 5 loci; this figure is almost identical to that found for chromosome 4 (8.5 YAC clones per locus, Schmidt et al., 1996) using the same approach. Some genomic regions were poorly covered by YAC clones, for example only one YAC clone hybridizing to marker m248 was found in all four libraries. However, to date, more than 400 probes mapping to chromosomes 4 and 5 have been used to identify YAC clones in the four YAC libraries, all of which detected at least one YAC clone. Hence, almost certainly the vast majority of the Arabidopsis genome, excluding the nucleolar organizing regions (Schmidt et al., 1994 , can be covered with YAC clones derived from these YAC libraries of the Columbia ecotype.
At least 15.5% of the YAC clones mapping to chromosome 5 were found to be chimaeric. Previously, 17.8% of the YAC clones on chromosome 4 were shown to consist of non-contiguous DNA sequences (Schmidt et aL, 1996) . A comparison of the co-ordinates of YAC clones mapping to chromosome 4 (Schmidt etaL, 1996) with the ones positioned on chromosome 5 revealed that 18 YAC clones carried sequences from both chromosomes (Table 2) . Interestingly, the chimaeric nature of 12 of these clones had been revealed previously (Schmidt et al., 1996) , either by end-fragment analysis (EG4G7, CIC5C3, yUP10C1) or by virtue of the fact that they carried unlinked repetitive sequences (e.g. EG7G2/H2, EG17G3/H3, yUP8E11, yUP24B7).
Previously, it had been shown that the frequency of chimaeric clones varies considerably in different YAC libraries (Schmidt et al., 1994 (Schmidt et al., , 1996 . The analysis of the chromosome 5 YAC clones has further substantiated this finding. At least 186 (15.8%) of the 1179 YAC clones mapping to chromosomes 4 and 5 were shown to be chimaeric. The fewest chimaeric clones were found in the EW (1.7%) and the CIC libraries (3.5%), whilst the frequencies in the yUP (15.4%) and EG library (33.2%) were 4-20-fold higher.
The use of multiple YAC libraries has resulted in redundant YAC coverage for most genomic regions; however, some of the markers in the contigs are only linked by single YAC clones. Due to the presence of chimaeric clones in the YAC libraries, it cannot be ruled out that some of the links that have been established by single YAC clones are false ones. Chromosome-walking experiments in these areas or additional markers mapping to these sparsely covered regions are necessary to confirm these tentative links. However, in most cases, RFLP-mapping data suggest that the markers linked by single YAC clones are, at least genetically, in close proximity.
In Figure 1 , all YAC clones are drawn to scale and an arrangement was chosen which is consistent with all the marker hybridization data. However, the relative positioning of markers and YAC clones in most areas of chromosome 5 is far less accurate than in the chromosome 4 contigs (Schmidt et al., 1996) . End-fragment analyses as well as a high density of markers enabled the accurate alignment of YACs in the YAC contigs on chromosome 4. Nevertheless, a similar arrangement has been chosen for the chromosome 5 contigs, rather than a tiling path format, since this format displays the sizes of all YAC clones and reveals the minimal extent of the various contigs. In addition, it shows which YAC clones to use in future experiments to add further links in areas covered currently by single clones.
The minimum genetic coverage of chromosome 5 with YAC contigs was found to be 53%. However, we can assume that the genetic coverage is much higher than that. First, the YAC contigs extend beyond the markers that have been genetically mapped. Second, for the majority of the YAC contigs, the genetic coverage cannot be determined, since only one marker mapping to this contig has been mapped genetically, In two areas of chromosome 5, we can make more accurate estimates of the genetic coverage. One area, spanning 58.9 cM, is situated at the top of the chromosome (contigs 1-7). In this region, seven YAC contigs have been positioned and multiple markers have been mapped for five of them. These five YAC contigs span at least 47.5 cM (81%) of the region. In a second area which is situated between markers m558A and m555, a similar genetic coverage is found: four YAC contigs encompass 83% of the region.
For chromosome 4, at least 90% of the genetic map has been covered in YAC clones . Marker hybridization experiments using 141 markers established 12 YAC contigs. Chromosome-walking experiments reduced the number of contigs to four, encompassing approximately 17 Mb. Interestingly, the chromosome-walking experiments revealed that the contigs were already overlapping in all but one instance (Schmidt etal., 1996) . For chromosome 5, a similar number of markers has been used for the YAC contig generation; however, they fall into 31 YAC contigs, spanning approximately 25 Mb. These data suggest that chromosome 5 is larger than chromosome 4. This is consistent with data from Albini (1994) , who has established that the two chromosomes carrying nucleolar-organizing regions, chromosomes 2 and 4, are considerably smaller than chromosomes 1, 3 and 5.
It is interesting to note that most of the small YAC contigs are clustered in one area of chromosome 5 -the region between contigs 7 and 28. The density of markers per cM in this area, which spans roughly 50 cM, is similar to that in other areas of the chromosome covered by large contigs. This could indicate that the ratio of physical to genetic distance is higher than average in this area of the chromosome due to a low frequency of recombination. The region coincides at least partly with the centromeric region, which on chromosome 4 shows a lower than average value of recombination.
Taking into account that for two regions of chromosome 5, a YAC coverage of greater than 80% has been achieved and that for chromosome 4 most of the YAC contigs were already overlapping with a similar degree of coverage, one can assume that the majority of the chromosome is covered in YAC contigs for chromosome 5 and that at this stage most of the contigs are already overlapping or that they are at least in very close proximity. Chromosome-walking experiments could verify this assumption, and indeed in two areas of chromosome 5 this was shown to be true. Chromosome-walking experiments aimed at cloning of the MS1 gene established a YAC contig on chromosome 5 spanning the interval between g4111 and g21503 (Chapple etal., 1996) . The marker hybridization results presented here have placed YAC clone CIC3F12 in contig 6 and CIC8Bll in contig 7. However, analysis of the right endfragment of YAC clone CIC8Bll by Chapple etal. (1996) revealed that CIC8Bll and CIC3F12 are overlapping. Hence we can conclude that contigs 6 and 7, shown in Figure 1 , are overlapping. Using chromosome-walking experiments, Putterill et al. (1993) have established a YAC contig spanning the interval between CHS2 and g5962 and extending a few hundred kilobases beyond these markers. Their chromosome-walking experiments established that YAC clones EW6C7 and EW17B2 are in very close proximity although not overlapping with YAC clones EGIB4, EG3B6, EG3C8 and EW19D10. The marker hybridization data presented here have placed YAC clones EG1B4, EG3B6, EG3C8 and EW19D10 in YAC contig 5 and EW6C7 and EW17B2 in YAC contig 6. These data taken together with the results of the chromosome-walking results from Putterill etal. (1993) suggest that contigs 5 and 6, shown in Figure 1 , are either overlapping or at most 100 kb apart. Hence we can conclude that an area encompassing more than 35cM between m224 and Tn118 is completely represented in YAC clones -the contig spans more than 6.5 Mb.
The data described here (the arrangement of the YAC clones in the YAC contigs, the sizes of all described YAC clones and the known chimaeric clones) are available on the World Wide Web both as image and data files at the following URLs http://genome-www.stanford, edu/Arabi- 
Experimental procedures
All experimental procedures involving YAC clones were performed as described previously Schmidt etaL, 1994 Schmidt etaL, , 1996 .
DNA probes
The repetitive DNA sequences (pAL1, 25S-18S rDNA, chloroplast DNA) used as probes to screen the YAC libraries have been described previously (Martinez-Zapater etaL, 1986; Schmidt eta/., 1994) .
